Abstract. Laboratory studies were carried out to investigate the role of larval habitatderived microorganisms in the production of semiochemicals for oviposition site selection by Anopheles gambiae Giles sensu stricto mosquitoes. Dual-choice bioassays with gravid females were conducted in standard mosquito cages. Field-collected or laboratory-reared mosquitoes, individually or in groups, were offered a choice between unmodified (water or soil from a natural breeding site) or modified substrates (filtered water, autoclaved soil or sterile media to which bacterial suspensions had been added). Egg counts were used to assess oviposition preferences.Mosquitoes preferred to oviposit on unmodified substrates from natural larval habitats containing live microorganisms rather than on sterilized ones. Variable responses were observed when sterile substrates were inoculated with bacteria isolated from water and soil from natural habitats.We conclude that microbial populations in breeding sites produce volatiles that serve as semiochemicals for gravid An. gambiae. These signals, in conjunction with other (non-olfactory) chemical and physical cues, may be used by the female to assess the suitability of potential larval habitats in order to maximize the fitness of her offspring.
Introduction
Potential breeding sites differ in a range of characteristics, both biotic and abiotic (Minakawa et al., 1999; Gimnig et al., 2001 ) which, either singly or additively (Beehler et al., 1993) may influence the oviposition behaviour of gravid mosquitoes. Chemical signals associated with these sites can be important mediating factors. For example, gravid Culex quinquefasciatus Say (Diptera: Culicidae) are attracted to 3-methylindole, a component of Bermuda grass infusion (Millar et al., 1992) . Aedes aegypti L. (Diptera: Culicidae) is attracted to hexanoic acid (Knight and Corbet, 1991) , an odorous chemical found in decomposing barley straw (Everall and Lees, 1997) . Anopheles gambiae females prefer to oviposit on turbid rather than clear water (McCrae, 1984) .
Although few studies have targeted An. gambiae, Blackwell and Johnson (2000) recently observed significant electroantennogram (EAG) responses of An. gambiae towards volatile components of water samples from Tanzanian breeding sites. The origin of stimulants in mosquito breeding sites and their mode of action towards gravid females are not fully understood, though it has been suggestively linked to microbial activity (Ikeshoji et al., 1975; Kramer and Mulla, 1979; Benzon and Apperson, 1988; Takken and Knols, 1999; Gimnig et al., 2001) .
As an effort towards the identification of larval habitat-derived semiochemicals for anophelines, the study reported here was initiated to demonstrate the effect of breeding site microbiota on oviposition choices of An. gambiae mosquitoes. Recent studies with Ae. aegypti and Ae. albopictus showed an oviposition preference for sites with microbial activity (Trexler et al., 2003) and absence thereof when an antibiotic (tetracycline) was added (Navarro et al., 2003) . In line with these findings we hypothesized that (i) a gravid female An. gambiae uses volatiles of microbial origin to assess nutrient availability and durability of habitats, both of which are vital determinants for the survival of her offspring and hence, her own fitness and (ii) the absence of such volatiles (in the case of no microbial activity) should lead to a reduction in egg laying or diversion of the female to a different oviposition site ('skip oviposition'). , and offered a 6% glucose solution ad libitum. Three-to five-day-old females, kept together with males since emergence, were allowed to feed on a human arm for 10 min on three consecutive nights. Multiple bloodmeals were offered as this has been shown to increase the chance of oviposition by females that are to lay their first batch of eggs (Briegel and Hö rler, 1993) . Gravid females were then used in the oviposition assays on the second evening after their last blood meal.
Materials and methods

Mosquitoes
Wild, indoor-resting, half-gravid An. gambiae s.l. were collected with an aspirator during the early morning from houses in Lwanda village, Suba district, western Kenya. They were immediately transported to the laboratory, provided with 6% glucose solution and used in the experiments the following evening. Previous work has shown this population to consist of An. arabiensis Patton at 60 -75% of mosquitoes sampled as larvae or adults during various parts of the year (Minakawa et al., 1999) .
Cultivation of bacteria
One gram of fresh soil collected from cattle hoof prints found at the edges of a muddy anopheline larval habitat in Lwanda was added to 10 ml of autoclaved distilled water. The mixture was agitated and 0.1 ml of the soil suspension transferred to standard Trypticase w Soy Agar (TSA) with a sterile 1 ml pipette and spread with a sterile loop. The plates were incubated at 358C and examined after 24, 36 and 48 h for the presence of colonyforming units (CFUs), which were subsequently subcultured to obtain pure cultures and identified using a rapid biochemical bioassay after Straif et al. (1998) .
Oviposition substrates
Fresh soil samples from known breeding sites were dried, autoclaved twice for 15 min at 1218C and 1.4 kg/cm 2 pressure and allowed to cool. Water from the larval habitat was sieved to remove debris and then filtered using sterile 0.22 mm filters. To confirm sterility, 0.1 ml of the soil suspension from autoclaved soil and sterile filtered water were applied on TSA plates and incubated at 358C for 24 h.
Bacteria from fresh soil samples were cultured as described above. After 48 h of incubation at 358C, autoclaved distilled water was added to six agar plates with bacterial growth and the resulting bacterial suspension transferred to a volumetric flask. The volume was increased to 500 ml using autoclaved distilled water and incubated for 24 h at 358C (concentrated suspension). An aliquot (250 ml) from the concentrated suspension was further diluted up to a volume of 500 ml with sterile distilled water (diluted suspension). Since the experiments were done on separate days, this procedure was repeated on each experimental day with fresh soil samples from the same larval habitat.
Assay procedures
All dual-choice oviposition bioassays were carried out in the Mbita mosquito insectary in cages measuring 30 £ 30 £ 30 cm made of white mosquito netting covering a metal frame. Each cage held two oviposition substrates, separated by a distance of 30 cm.
In experiments with autoclaved soil or filtered water the oviposition substrates consisted of two plastic cups ('double-cup' setup; Fig. 1 ), a larger cup of 8 cm depth, 6 cm diameter and a smaller one of 2 cm depth, 4 cm diameter. The larger cup contained either 150 g of autoclaved or fresh soil or 100 ml of sterile filtered or non-filtered larval site water or autoclaved soil or sterile filtered water inoculated with 15 ml of cultured bacteria suspension. The soils were moistened with 100 ml of autoclaved distilled water previously obtained from Lake Victoria. The smaller cup contained 15 ml of autoclaved distilled water lined with white filter paper (either Whatman w no. 1 or S&S 595) and placed in the larger cup. The filter paper was used so that the mosquitoes did not come into direct (tarsal) contact with the test substrate. The design of these oviposition substrates excluded tactile perception and enabled us to test olfactory responses to the volatiles emanating from the substrates.
On every experimental day at 1700 h, gravid mosquitoes were released into cages, either individually or in groups of 10. Oviposition substrates were introduced at about 1730 h, removed the following morning at 0730 h and the number of eggs oviposited on the filter papers counted under a dissection microscope. Fresh gravid mosquitoes and substrates were used for each experimental day.
Data analysis SPSS 10.0 for Windows w was used to conduct Wilcoxon signed rank tests for paired samples in order to determine the differences in the number of eggs laid on sterile and non-sterile substrates.
Results
Assays with mosquitoes
Modification of soil or water from a natural anopheline larval habitat, either by autoclaving the soil or filtering the water, affected the choice of substrates by individual and groups of gravid mosquitoes (Table 1) . Laboratory females (Mbita strain) laid on average 2.6 (untreated water, P ¼ 0:01) and 3.9 times (fresh soil, P ¼ 0:03) as many eggs on untreated substrates containing live microorganisms than on sterile ones. Similar findings but with even higher contrasts between the substrates were observed for wild individual females which laid on average 4.6 (fresh soil, P ¼ 0:03) to 10.2 (untreated water, P ¼ 0:02) times as many eggs on the non-sterile substrates. The number of eggs laid on the autoclaved soil substrate did not differ significantly from that on the distilled water ðP . 0:1Þ:
When groups of 10 females were offered the same choice of substrates, the average number of eggs laid per female dropped sharply compared to batches laid by individual females. Nevertheless, a clear preference for non-sterile substrates occurred and was, as with individual mosquitoes, most pronounced for wild females offered a choice between filtered and non-filtered larval site water.
Microbial growth and identification
Confluent growth was observed on standard TSA plates inoculated with non-sterile suspensions after incubation for 24 h. No growth was observed on plates inoculated with sterile substrates. Both gramnegative and gram-positive bacteria were present in the untreated soil suspension and breeding site waters. Gram-negative bacteria that were oxidase positive were identified as being Aeromonas, Pasturella, Pseudomonas or Vibrio species. Oxidasenegative species were identified as either Acetinobacter or Enterobacteriaceae species. One colony from breeding site water tested positive on MacConkey and was identified as an Enterobacteriaceae species. All other colonies were non-lactose fermenters. As expected, more bacterial growth was observed on agar plates with concentrated bacterial suspensions than those with the dilute ones.
Assays with cultured bacteria
The attractiveness of sterile soil was restored after inoculation with the concentrated ðP ¼ 0:03Þ but not with the diluted ðP ¼ 0:82Þ bacterial suspensions. No apparent increase in attractiveness ðP . 0:05Þ was observed in the other experiments in which suspensions were added to sterile distilled water (Table 2) . (Walker and Merritt, 1993; Smith et al., 1998; Navarro et al., 2003) may serve as a direct source of food for the larvae (Merritt et al., 1992) or as modifiers of organic matter in breeding waters, which may give rise to constituents ingested by larvae as well as volatile organic compounds of the breeding site waters (Gjullin et al., 1965; Blackwell and Johnson, 2000; Rejmankova et al., 2000) . Certain bacterial volatiles have been shown to attract Cx. fatigans Coquillet (Ikeshoji et al., 1975) , Ae. aegypti L. (Hazard et al., 1967) and Cx. quinquefasciatus Say (Millar et al., 1992; Poonam et al., 2002) . In certain cases, bacterial metabolites (Ikeshoji et al., 1975) were thought to be precursors in the synthesis of the volatile attractants. Our preliminary microbial survey of the larval habitat revealed the presence of microbiota that may mediate the choice of oviposition substrate, but the precise sequence of behavioural events and relative importance of the various cues involved in oviposition site selection by An. gambiae needs further investigation. The preference of mosquitoes for unmodified substrates, and the partial restoration of attractiveness of sterile substrates after inoculation with bacterial suspensions indicates that soil microorganisms play an important role in oviposition site-selection. The variable results with bacterial suspensions may be attributed to the fact that female behaviour is influenced by both the substrate type and the concentration of volatiles emanating from the bacterial suspensions. Experiments incorporating bacterial counts and a wide range of concentrations of individual and complex mixtures of bacterial species are therefore recommended.
The preferred breeding sites of An. gambiae have been described as transient, sunlit and generally small water bodies (Service, 1993) . The durability of such temporary habitats is critical and should, under tropical temperature conditions, be at least 6 days for eggs to develop to the pupal stage and emerge into adult mosquitoes (Minakawa et al., 2001) . Gravid females may therefore select sites with a well-developed microbial population that may signal adequate permanence of the habitat to enable completion of the aquatic part of the life cycle.
Much of the behavioural ecology of oviposition by malaria vectors remains unknown, yet elucidation of the principle components affecting site-selection may provide important information for environmental management or larviciding programmes. Our results show that microbial activity is one of these components and identification of key species and the semiochemicals they produce should therefore be a priority. Identification of oviposition stimuli for An. gambiae will be useful for the development of odour-baited ovitraps for monitoring anopheline populations, similar to those developed for Ae. aegypti and Cx. quinquefasciatus (Reiter, 1983; Reiter et al., 1991) . Headspace analyses of larval habitats, currently ongoing in Kenya, will further unravel the chemical ecology of oviposition by this important malaria vector.
We conclude that microbial populations in breeding sites produce volatiles that serve as semiochemicals for gravid An. gambiae. Such cues may be used by the females, in conjunction with other factors reported before (vegetation cover, turbidity, presence of conspecifics etc., see Gimnig et al., 2001) to assess the suitability and possibly, durability of potential larval habitats in order to maximize the fitness of their offspring.
